Objective: To test the hypothesis that stunted Nepalese children have an altered stress response system when compared with matched nonstunted children in response to a battery of psychological tests. Design: Case-control study. Setting: Poor urban areas of Kathmandu, Nepal. Subjects: A total of 64 stunted (less than -2 s.d. height-for-age) children compared with 64 nonstunted (4 À1s.d. height-forage) schoolchildren between 8 and 10 y old matched for school and sex. Methods: A psychological test session was administered, which included mental arithmetic and two tests of working memory. Salivary cortisol samples were obtained at five points during testing, and heart rate was measured during testing and also at baseline. Salivary cortisol samples were also obtained once early in the morning. Hemoglobin was assessed at the testing session, and extensive data were obtained on the social background of the children's families. Results: Stunted Nepalese children showed a blunted physiologic response (salivary cortisol and heart rate) to psychological stressors (Po0.05) when compared with nonstunted children, but were not different from the nonstunted children in baseline measures, when controlling for social background. The two groups were not different in terms of social background. Conclusions: These findings suggest that childhood growth retardation may be associated with changes in physiological arousal, and that stunting could be associated with hyporesponsivity in response to psychological stress.
Introduction
Early childhood linear growth retardation (stunting) is a critical public health problem in the developing world because it is usually associated with developmental problems later in life (Mendez & Adair, 1999) , and is estimated to affect 32% of children under 5 years old (UNICEF 2002) . Stunting has been linked with poor mental development and school achievement, and behavioral abnormalities in children (Grantham McGregor & Fernald, 1999) .
Animal literature suggests that early conditions of adversity or deprivation can directly influence reactivity and regulation of stress-sensitive systems and then impact later outcomes (Sanchéz et al, 2001) . There is also considerable evidence that early undernutrition may be a major contributing factor to these poor outcomes in animals (Smart et al, 1975; Strupp & Levitsky, 1995) . There is also a suggestion that intrauterine growth retardation in humans is associated with alterations of HPA activity (Clark, 1998) . In two recent studies, 8-10-y-old Jamaican children, who experienced early childhood growth retardation showed altered stress levels when compared with children who had not experienced malnutrition, when controlling for socioeconomic factors or birth weight (Fernald & GranthamMcGregor, 1998 . These findings suggest that a disordered stress response, measured in the hypothalamicpituitary-adrenocortical (HPA) and sympathetic-adrenomedullary (SAM) systems, may be a mediating variable between poor nutrition and subsequent poor developmental outcomes.
Given the high prevalence of stunted children in the developing world, these Jamaican findings are important and could have implications for the future health and education of stunted children. However, before we can extrapolate these findings, they must be replicated in other countries, especially where stunting is more prevalent.
Our replication study was set in Nepal because 54% of the children under 5 y are moderately or severely stunted (UNICEF, 2002) , compared with a much lower estimate in Jamaican children (3% currently, 8% at the time of the study). The goal of the study was to determine whether the Jamaican findings for heart rate and cortisol could be replicated in a population where stunting is much more prevalent. The hypothesis being tested was that stunted children would have higher baseline levels and lower reactivity levels (in response to a battery of psychological tests) of salivary cortisol and heart rate.
Subjects and methods

Subjects
Nepalese school children aged (8-10 years old), stunted subjects (n ¼ 66) and nonstunted controls (n ¼ 64), were identified from nine schools located in the urban areas of the Kathmandu valley, and were all drawn from the same ethnic group, the Newars. All children from each school in grades 1-5 were requested to obtain proof of birth date from their parents or from school records. Every child who produced proof of her/his birth date from a parent or guardian was measured. Then, each child whose height-for-age was less than À2.0 standard deviations (s.d.) from the National Center for Health Statistics (NCHS) standards for median height for age (Hamill et al, 1977) was matched for school, sex and age (76 months) with a child whose height-for-age was greater than -1.0 s.d. away from the mean. If more than one stunted child matched a nonstunted one for sex and age, then the most stunted one was selected.
All subjects were singletons, with no obvious physical or mental handicaps, and were from the same poor neighborhoods of inner-city Kathmandu. No subject was tested if she/ he was physically unwell (ie fever, flu, cold, acute diarrhoea or other obvious chronic illness). The required sample sizes were calculated using the data obtained from the Jamaican studies (Fernald & Grantham-McGregor, 1998 , and were adequate to detect differences greater than 0.5 s.d. between experimental and control groups for the major outcome measures (cortisol and heart rate) as statistically significant at the 0.05 level with a power of 90% (Armitage & Berry, 1994) . Additional subjects were added to account for dropouts.
Procedure
All children were tested at their own school by one of the four female Nepalese testers, each of whom was blind to the hypothesis being tested. All testing was conducted between April and May 1998, beginning between 8:30 and 13:30 and the groups were matched as far as possible for time of testing, with equal numbers of stunted and nonstunted children tested at all times. The entire test session lasted for approximately 1 h and included two baseline periods when heart rate was measured, three cognitive function tests and a post-test period when saliva was collected. The children's heart rates were assessed continually throughout the test session. One baseline heart rate period preceded the psychological testing and the second baseline was measured at the end of testing. Immediately before the first measurement of baseline heart rate (sitting), all children were given an orange-flavored drink and two biscuits (containing approximately 105 kcal, 1 g of protein, 4 g of fat and 14 g of carbohydrate) to ensure that they were not hungry during testing, and to equalize potential postprandial effects.
Saliva samples were collected at five time points. The first sample (Sample 1) was a baseline measure and was taken on arrival to the testing room and before the child was given a drink and snack. The second sample (Sample 2) was collected immediately after finishing the psychological stress session (approximately 20 min after arrival). The third, fourth and fifth samples were then collected at 10 (Sample 3), 20 (Sample 4) and 30 (Sample 5) min, respectively, after the second sample had been collected. These samples were designed to assess responsivity, based on an approximate 25-min delay between cortisol secretion and resulting salivary levels (Gunnar & Nelson, 1994) . A final sample (Sample 6) was an early morning specimen collected upon wake-up on the morning after testing. This final sample was collected because early morning cortisol levels can be a reliable biological marker for baseline adrenocortical activity (Pruessner et al, 1997) . The researchers collected the five testing samples, and the parents/guardians were responsible for collecting the early morning sample.
Measurements
The testing session included psychological (mental arithmetic, symbols digit modalities test, digit span recall) stressors (Table 1) . A mental arithmetic test and a Symbols Digit Modalities test (Smith, 1973) were used because they have been shown to be very effective in provoking immediate physiological reactivity (Fernald & GranthamMcGregor, 1998) . A digit span test was also used, which was a modification of a subtest of the Wechsler Intelligence Scale for Children that involved immediate recall of increasingly longer strings of digits that were read to the children (Kaufman & Lichtenberger, 2000) .
Cortisol
Cortisol concentration was assessed because cortisol is one of the critical outputs of the HPA axis (Kirschbaum & Hellhammer, 1994) , which is a major element of the stress response system. Measuring cortisol in saliva is a convenient and accurate way to assess stress response under field conditions (Fernald & Grantham-McGregor, 1998) . Six saliva samples of approximately 0.5 ml each were obtained from each child. All samples were collected in sterile collection tubes (Salivettes, Sarstedt, Newton, NC, USA), centrifuged briefly (1000 Â g, 2 min, 201C), transferred to cryovials and then frozen at À201C. The samples, surrounded by ice packs, were transported back to the lab in the United Kingdom. The cortisol levels were evaluated commercially using the same (Kirschbaum et al, 1989 ) I-125 radioimmuno assay kit ('Magic Cortisol,' Ciba-Corning: Medfield, MA, USA) as the Jamaican saliva, but were not assayed by the same person. No significant association existed between the standard pool cortisol reading and the assay or the timing of the assay within a run (beginning, middle, end). Intra-assay correlation (duplicate tubes) was high, ranging from r ¼ 0.934 to 0.989; intra-assay variation, measured at three times in each of the 12 assays using two standard pools of saliva, was low, with a coefficient of variation of 9.575.5%. The 'response' levels of cortisol (samples 2-5) were moderately intercorrelated (0.45oro0.58). Complete salivary results were available for 127 of 128 children (99%); the child missing a sample did not provide enough saliva for analysis.
Heart rate Heart rate was recorded throughout the session via a chest band (similar to a belt), which transmitted heart rate electronically to a watch placed nearby (Polar Vantage XL heart rate monitor, Polar CIC Inc., Port Washington, NY, USA). The watches were set to record average heart rates for every 5 s. At the beginning and end of each section of testing, the tester pressed a button on the watch, and the exact time was then recorded inside the watch. The data from the watch were transferred to computer, and then downloaded to a spreadsheet.
Hemoglobin
Blood samples were obtained with a finger prick, and hemoglobin was assessed using the HemoCue (HemoCue Limited, Sheffield, UK), and the technique was standardized using the control cuvette. Full heart rate and hemoglobin results were available for all children (100%).
Socioeconomic background
Socioeconomic details were assessed by interviewing the mothers or guardians either at home or at school. None of the neighborhoods where the children lived had street names, so it was difficult to locate a child's home without being directed to the location. Thus, many of the parents/ guardians were asked to come to the school after hours for an interview. The child was always present for the interview and contributed to the responses, particularly for the questions about the number of toys, books and other materials around the house. In most cases, the children had school bags with them, carrying many of their books.
Details of maternal characteristics, including education and occupation were recorded, as was the level of stimulation at home. In addition, characteristics of the home (eg type, style, size) and of the water supply (eg type, style) were recorded, as well as information about crowding (number of people in the home). Although the questionnaire was based on previous work in Jamaica, it became clear during piloting that some of the questions, particularly about occupation and household composition, needed to be modified to reflect cultural differences. The stimulation index included measurements (11 in total) of the number of exercise books, school books, coloring books, paper, pencils and crayons, and toys at home, and games, trips and verbal stimulation (ie reading, telling stories, teaching) from the parents. Socioeconomic information was available for all children.
Anthropometry Current weight and height were measured using standard procedures (Lohman et al, 1989) . Anthropometric data were available for all children. Birth weight was requested from mothers or guardians but was not recorded as a variable because most did not have a record of weight. 
Statistical analysis
All statistical analyses were two tailed and performed using a commercial computer program (SPSS 7.1 for Windows: Chicago, IL, USA). Height-for-age Z-scores of the NCHS references were calculated using EpiNut (EpiInfo 6.0, Center for Disease Control, Atlanta, GA, USA), and further statistical analyses were performed using SPSS. The data were first examined for normality and transformed where necessary; log transformations were used to normalize cortisol, and the transformed variables were used in all the analyses. The 'mean responsive cortisol' was calculated for each subject, and this was defined as the mean of the second, third, fourth and fifth measurements, as these reflected salivary cortisol concentrations during the time when the child was responding to the stressor. The value for 'mean responsive heart rate' reflected the heart rate during the time when the child was responding to the stressor. To calculate this value, we multiplied the mean values for each event by the duration of the particular event, and divided by total time, to control for time of each event. We used these aggregate measures so that we could have just one variable that represented cardiac arousal and just one variable that reflected cortisol arousal owing to psychological testing.
The characteristics of the two groups were compared (eg economic and stimulation ratings, maternal and paternal characteristics). Bivariate correlations were then calculated between each dependent variable and all socioeconomic variables, height-for-age, BMI and maternal and child IQ with groups separate and combined and there were no significant associations among the variables. After showing that none of the covariates were significantly related to the outcome measures, we continued in the statistical analysis without including any covariates.
We examined differences between the stunted and nonstunted groups in behaviors, mean heart rates and concentrations of salivary cortisol using t-tests. We used repeated measures ANOVA to examine group differences over time in salivary cortisol level (six measurements) and heart rate (six measurements) during the psychological stress session. The assumptions of homogeneity of variance, normal distribution and parallel slopes for the covariance analyses were satisfied.
We wanted to examine differences in physiological reactivity, which refers to the difference between the level where the child started (at the beginning of testing), and the level of responsivity, during psychological testing. In order to calculate the level attained, while controlling for baseline levels, we calculated 'standard residualized gain scores' for both heart rate and cortisol. This means we conducted linear regression analyses with the response measure ('mean responsive cortisol' or 'mean responsive heart rate') as the dependent variable and pretest measure ('baseline cortisol' or 'baseline heart rate') as the independent variable. The standardized residuals from these analyses, reflecting physiological reactivity while controlling for baseline, were saved as new variables for use as the dependent variables in subsequent multiple regression analyses. We used this technique with heart rate and cortisol separately. In order to consider both the responsive cortisol and heart rate together we combined the 'mean responsive cortisol' and 'mean responsive heart rate' to create a 'physiologic stimulation' index, as has been done previously (Kagan et al, 1988) .
Ethical considerations
Ethical approval was obtained from the Institute of Child Health (UK) and from the Nepal Health Research Council Ethical Committee. Written consent was obtained from the parents or guardians, verbal consent from the teachers and principals, and verbal assent was obtained from the participating children. Great care was taken to ensure that no child was distressed by the testing procedure. All children who participated in the study were given food, a drink, and 1-2 m of material with which to make a school uniform.
Results
Characteristics of the sample of Nepalese children are presented in Table 2 . Differences between the stunted and nonstunted groups in terms of their socioeconomic characteristics were not consistent. Specifically, neither group had a significantly better socioeconomic situation than the other, except for the finding that father's and mother's educational levels were higher in the nonstunted group. Anemia, as defined by WHO (Hb o110 mg/l), was present in 36% of children, although there were no differences between the stunted and nonstunted children.
Salivary cortisol was positively skewed at all time points, so the data were logarithmically transformed, and then had normal distribution. Transformed data were used in all subsequent analyses. Stunted and nonstunted children did not differ in terms of salivary cortisol levels at any time point (Figure 1) .
Paired t-test analyses comparing cortisol collected on arrival at school (sample 1) and cortisol collected on awakening (sample 6) showed no significant differences, either in the stunted or nonstunted groups (P40.5 for both), suggesting that sample 1 could be used as a legitimate baseline measure. Bivariate analyses with the groups separate or combined showed no significant correlations between cortisol level at any point and height, weight, BMI (body mass index), height-for-age or any of the socioeconomic data collected (education, occupation, housing, water, number in household or stimulation). There were also no associations between salivary cortisol and birth order or gender. For this reason, no socioeconomic variables were included in the analyses comparing salivary cortisol levels in stunted and nonstunted children.
All children responded to the test session with an increase in salivary cortisol concentration (Figure 1 ). Repeated measures ANOVA showed no differences between the groups.
As described previously in this paper, it was possible to calculate cortisol responsivity by predicting response levels from baseline and group in a linear regression. The response to testing appeared to be diminished in the stunted group, but the difference did not reach statistical significance (P ¼ 0.063). There was no interaction between group and test.
As shown in Figure 2 , heart rates were not different between stunted and nonstunted children. Repeated measures ANOVA showed no differences between the groups.
Using the same analysis as with cortisol to evaluate reactivity, the response to the testing appeared to be diminished in the stunted group, but the difference did not reach statistical significance (P ¼ 0.18).
Both the heart rate and cortisol data suggested that stunted and nonstunted children were similar at baseline, but differed in their responsivity to external stressors. When evaluating heart rate and salivary cortisol together as a combined physiological reactivity score using standard residualized gain scores to evaluate differences in reactivity while controlling for baseline, stunted children had a blunted response pattern compared with nonstunted Sample number Salivary cortisol concentration (nmol/L) stunted non-stunted Figure 1 Geometric mean and standard deviation of salivary cortisol concentrations in stunted and non-stunted children at baseline and during testing. n ¼ 64 for all, except n ¼ 63 for arrival sample. Sample 1 was collected at home in the early morning, Sample 2 was a baseline preceding testing, Samples 3-5 were collected to reflect arousal during testing, and Sample 6 was a baseline following testing. Mean and standard deviation for mean heart rate (beats/ minute) in stunted and non-stunted Nepalese children. n ¼ 64; n ¼ 62 for Symbols, n ¼ 63 for Digit Span.
Physiologic response in stunted and nonstunted Nepalese Children LC Fernald et al children (À0.2971.37 vs 0.3071.64, P ¼ 0.03). These results mean that an increase in baseline of 1.0 eight-for-age Z-score was associated with a decrease in responsivity of À0.29 of an Z-score in stunted children, and an increase in responsivity of 0.30 of an Z-score in nonstunted children.
Discussion
There was a nonsignificant tendency for stunted children to have reduced responsivity in both salivary cortisol concentrations and heart rate compared with nonstunted children. However, when both measures were combined into an index of physiologic reactivity, the stunted children showed significantly blunted physiologic responsivity, to psychological stress, although the children had similar baseline values. These findings are very different from those in a Jamaican study we conducted previously (Fernald & Grantham-McGregor, 1998) where stunted children had higher cortisol concentrations, higher heart rates at base line and increased responsivity to physical stressors but not psychological ones. However, in another study based in Jamaica, stunted children had levels of cortisol similar to nonstunted children but higher heart rates, and there was also a tendency for the stunted children to have blunted responsivity (Fernald & Grantham-McGregor, 2002) . The flattening of cortisol responsivity has been reported in children living under adverse circumstances (Gunnar & Vasquez, 2001) . Blunted cortisol responsivity, sometimes accompanied by low daytime values, has been termed 'hypocortisolism', and has been reported under conditions of trauma and prolonged stress (Heim et al, 2000) . For example, hypocortisolism has been reported in patients who have post-traumatic stress disorder, chronic fatigue syndrome, fibromyalgia, chronic pelvic pain and asthma. The mechanisms proposed to explain hypocortisolism include reduced biosynthesis or depletion at various levels of the HPA axis, increased feedback sensitivity of the HPA axis or morphological changes (Heim et al, 2000) .
In animal models, early life experiences have been shown to alter permanently the response of the HPA axis. Although exposure to many stressors can lead to increased responsivity, some stressors result in reduced responsivity and in some cases the effect depends on the stage of development when the animal is exposed (Sanchéz et al, 1998) . The exposure of infant rats to stress such as daily handling shows decreases in basal corticosterone (the animal form of cortisol) and a reduced response to stressors (Meaney et al, 1994) . Long-term social isolation after early weaning has also been shown to result in hypofunctionality of the limbic-hypothalamic pathways that control the adrenocorticol response to stress, although the isolation does not appear to influence basal activity of the HPA axis in the adult rat (Sanchéz et al, 1998) . Children who have psychosocial dwarfism (PSD) have also been shown to have blunted response to adrenocorticotropin hormone, suggesting that they may also have hyporesponsive adrenal glands (Gunnar & Vasquez, 2001 ). The quality and type of behavioral response to a stressor may also mediate the development of the stress response system. For example, many studies have shown that passive coping, repression and denial of stressful events may be related to the development of hypocortisolism (Heim et al., 2000) .
There are many reasons why stunted Nepalese children may react differently from stunted Jamaican children. Reactivity to stressors is a highly individual process. Previous experience, temperament and perceived control have all been suggested as reasons for differences in HPA reactivity (Kirschbaum et al, 1992; Kiess et al, 1995) . Some evidence suggests that genetic factors may also contribute to differences in diurnal cortisol patterns and in cortisol response to stressors (Desautes et al, 1997; Feitosa et al, 2002) . Racial differences may also have been a factor, given the evidence for within-country racial differences in heart rate reactivity (Murphy et al, 1991; Goldstein & Shapiro, 1995; Musante et al, 1995) . There may also have been differences between the two populations in nutrient intake, food consumption and exposure to a common pathogen (which may cause specific nutrient deficiency among certain populations), all of which may have independently contributed to the outcomes.
The levels of cortisol concentrations in both groups of Nepalese children were high compared with previously reported values for children from Jamaica (Fernald & Grantham-McGregor, 1998 where children were tested under similar circumstances and from other studies in the Caribbean (Flinn & England, 1997) and Nepal (PanterBrick et al, 1996; . The values are similar to those found in children who were reared in Romanian orphanages for more than 8 months and were later adopted ). The heart rates reported in this study are also high compared with similar urban school children from Kathmandu , and were also higher than values reported previously in Jamaican school children (Fernald & Grantham-McGregor, 2002 , 1998 .
One plausible explanation for the raised levels of salivary cortisol in both groups of Nepalese children, compared with children in different studies, could relate to their burden of disease or immune function (Boyce et al, 1995) . Although children who were obviously ill were excluded from the study, no information was collected regarding illness. Nepalese children are known to have a high prevalence of parasitic infections and high levels of protein markers of pathogen pressure and inflammation (Worthman & PanterBrick, 1996) .
Although no significant associations between socioeconomic measurement and physiological measures emerged during data analysis, all of the children in both groups came from resource-poor environments, which have been hypothesized to be associated with psychosocial stress levels (Flinn & England, 1997; Lupien et al, 2000 Lupien et al, , 2001 . However, the associations are not consistent (Brandtstadter et al, 1991) , and it is difficult to draw conclusions from our study because we have only assessed children from one end of the socioeconomic spectrum.
Strong scientific evidence exists to support the hypothesis that fetal growth and development can have a substantial impact on future outcomes in children, and may contribute to the programming of the HPA axis (Phillips, 2001) . The prevalence of low birthweight (o2.5 kg) in South Asia from 1990 to 1997 was 33% (UNICEF, 2002) . Clearly, this large percentage of children with low birth weight may have experienced altered programming in the intrauterine environment that changed their childhood stress response patterns. Unfortunately, we had no accurate measure of birth weight, and thus we cannot comment on the role of birth weight.
The findings presented in this paper suggest that stunted Nepalese children have blunted responsivity, as measured by salivary cortisol and heart rate, to psychologic stressors when compared with age-and school-matched, nonstunted children. It is not possible from this study design to determine whether the findings are a result of the ongoing poor dietary intake or the long-term effect of early childhood stunting.
The findings contrast with the findings from stunted Jamaican children who had increased cortisol and heart rate levels, and thus it is difficult for us to make conclusions about the possible mechanisms. Future work evaluating the stress response system in stunted children is critical because only a few studies have addressed these critical linkages, and the results have raised many questions.
